This study aims at utilising wavelet transforms, namely the Morlet wavelet. in early detection of a reverse in the appearance of A2 and P2 within the second heart sound.
Introduction
The first heart sound has a frequency of between 25-45 Hz, and lasting for 0.15 seconds, where the second heart sound has a frequency of about 50 Hz. and lasts for about 0.12 seconds [I]. Both comprise of two components MI, TI, and A2, P2 respectively. The analysis in this paper centres on the second heart sound 6 2 ) in terms of characteristics and components.
The separation of the components in S2 is a normal phenomenon in healthy individuals during held inspiration. If this splitting persists or appears in other parts of the breathing cycle, it can indicate the presence of pathological heart conditions. However, when the separation of A2 and P2 is reversed (paradoxical splitting) it indicates the certain presence of a heart condition. One of these pathological conditions is LBBB. Which is usually seen in dilated cardiomyopathy, hypertrophic cardiomyopathy, hypertension, aortic valve disease, coronary artery disease, and a variety of other cardiac conditions.
The paper looks at patients with LBBB and pacemaker patients, as they come under the list of patients with possible paradoxical splitting of SZ.
Paradoxical splitting of S2
Paradoxical splitting occurs when the closure of the aortic valve is delayed, so that the'pulmonic closure occurs first followed by aortic closure. In this case the interval between pulmonic and aortic closures is heard during expiration and disappears during inspiration. One of these pathological conditions is LBBB. 
2.

Wavelet representation
Due to the importance of S 2 as an indication of the presence of heart disease, Tilkian [3] wrote in his book about auscultation " It is important to persist in training the ear because once you can hear the splitting of S2, cardiac auscultation becomes clinically more useful, specially detecting expiratory splitting of S2. a helpful clue identifying cardiac disease". Thus, newer investigations and developments if new techniques to make it easier to listen, analyse. and interpret the components of the second heart sound is important.
The Continuous Wavelet Transform CWT, is frequently used [4-81 in the analysis of various heart sounds and murmurs. From these studies, it was confirmed that Morlet wavelet was the best suited for the analysis of heart sounds. From the natural shape of the mother Morlet wavelet, h e Morlet waveform best resembles the shape of the PCG signal of the heart sound in terms of the fundamental frequency constituents.
Selection of scales
In wavelet analysis, the selection of scales is an important part in specifying the frequencies for which the mother wavelet is convoluted with the original signal. The relationship between scale and frequency is covered by the equation below:
. .
where S is scale, and f is the frequency equivalent to the scale for the particular wavelet, Morlet in this case.
By using Matlab" function SCALZFRQ, it is possible to calculate the scales corresponding to the desired frequency, which in this case is between 20 and I 0 0 Hz.
The syntax for this function is as follows: scal2frq(S, 'wname ' , samplinggeriod) where S is the scale for which the frequency equivalent is calculated, 'wname' is the name of the wavelet, and the samplinggeriod is (Ikampling frequency). This function starts by finding the central frequency of the Morlet wavelet, then finds the pseudo frequency for the mother wavelet depending on the sampling period.
It was found that scales from 30 to 160 cover the frequency band of interest, corresponding to frequencies ranging from loOHz to 20Hz.
Tests were conducted to determine the step size at which the scale-to-frequency is calculated, and it was found that a step of 2 gives satisfactory resolution compared to a step of 1 with less processing needed to find the coefficients.
Morlet analysis of n o d individuals
Before applying the CWT algorithm. the data is filtered with a band-pass Butterworth filter to eliminate noise and components below 20Hz and above 200Hz. In total 22 patients with a variety of heart conditions were recorded, of which, 5 are patients with LBBB, and 10 are patients with a pacemaker fitted. The reminder have other conditions. All the recordings were taken with patients in the semi-supine position, and with pulse oximeter and ECG signals recorded for synchronising purposes, and possible future studies of the relations between the three signals.
Results of LBBB patients
Bundle branch block is when the conduction of electrical pulses from the atria to the ventricles are impeded causing what is called intraventricular conduction defects (IVCD). The left bundle carries nerve impulses that cause contraction of the left ventricle. There are several types of LBBB, each has its own characteristic mechanism of failure. In each case, the nerve impulses are blocked or delayed. Patients with LBBB almost always have underlying heart disease, such as arteriosclerosis, congenital heart disease, myocarditis, myocardial infraction, and hypertrophic cardiomyopathy [2] . ECG tests are usually carried out to detect suspected LBBB.
Below are 5 plots taken from the five patients under study, where A2 can evidently be seen lagging behind €2 The frequency range of P2 lies between 20 and 60 Hz, and the range for the aortic valve closure lies between 50 and 90Hz. The change in the characteristics of the plot, is a reflectwn of a number of factors, such as: I. The split periods highlighted in the plots vary depending on the severity of the LBBB. and the degree to which the heart muscles conducting the electrical pulses are damaged.
2. The change of the heart dynamics, due to dilation of the right ventricle, resulting from conditions such as hypertrophic cardiomyopathy, changes the frequency of S2 and P2. As a result of the above, the paradoxical splitting is not expected to appear in every expiration period. The table below lists the LBBB patients and the number of times the paradoxical splitting was apparent during a IO second recording of each patient. Table 1 shows that in each case of LBBB. paradoxical splitting can be detected at least once. In 60% of the patients, it was detected twice in the 10-second period, and 20% for both four and one paradoxical split detection. As was mentioned in the previous section, these variations depend on severity of the LBBB and how much the dynamics of the heart are changed. Also, the results depend on how deep the breaths are during respirations The distance was measured from the peak of the contour plots, and converted to time in milliseconds. The human ear can distinguish between two sounds with a separation of down to 20ms [IO] . Even though, this can vary from an individual to another.
The table confirm that in 18% of the patients the paradoxical splitting is not detected and sound as a fusion of A2 and P2. The second band (2040ms), is a border line, meaning that for the trained ear the split in 18% of patients is detected, but could be difficult to detect to the untrained ear. Finally, in 64% of the patients, the paradoxical split is wide enough to be detected clearly.
Results of pacemaker patients
Patients with pacemaker implants were investigated because from the nature of the function of pacemakers. they can give similar characteristics of LBBB patients.
In single and dual chamber pacemakers, a probe is usually inserted in the right ventricle, to stimulate it. This results in the right ventricle contracting before the left ventricle, which has to wait for the electrical pulse to reach it from the right side of the heart. The delay of the left ventricular contraction causes pulmonic valve to close before the aortic valve, resulting in P2 appearing ahead of A2. The table shows that paradoxical splitting could be detected in 6 out of 8 patients, which constitutes 75% of the patients analysed. In 25% of the patients, the split was detected once, and in the 50% of the remaining patients, paradox splitting was detected equally with 2 to 5 times. The table also gives an idea about the audibility of each split, with splits of between 020ms impossible to hear, 20-40ms audible with difficulty, and M o m s as easy to hear splits [9] . The table indicates that from the detected splits 44% are impossible to hear with the human ear and would be classified as a fused S 2 by cardiologists. In 19% of the detected splits, the separation was between 4060ms. making them audible with difficulty, and in 37% of the patients the split can be heard with a degree of ease, since the separation is higher than 40ms.
4.
Conclusion
In this paper an attempt has been made to identify patients with paradoxical splitting of the second heart sound. Distinguishing such a patient, from a patient with a normal splitting of the S2 is a very important factor in identifying a number of dangerous heart diseases. The danger lies in that most of patients with paradoxical splitting are not aware of having any heart disease, in the early stages at least, where a clot might be developing which might lead to a heart attack or a stroke.
The technique has been applied to a number of patients with LBBB, and found that in all these patients, it was possible to detect the presence of paradoxical splitting at least once. The analysis was also applied to pacemaker patients, and showed that it was possible to detect the split in 75% of the patients.
The technique shows a clear advantage in patients, where splitting period is below 20111s. which is the borderline for the human ear sensitivity. This constituted 18% of detected paradox in LBBB patients, and 44% of detected paradox in pacemaker patients.
